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The Research and Technology
Organisation (RTO) of NATO

RTO is the single focus in NATO for Defence Research and Technology activities. Its mission is to conduct and promote
co-operative research and information exchange. The objective is to support the development and effective use of
national defence research and technology and to meet the military needs of the Alliance, to maintain a technological
lead, and to provide advice to NATO and national decision makers. The RTO performs its mission with the support of an
extensive network of national experts. It also ensures effective co-ordination with other NATO bodies involved in R&T
activities.

RTO reports both to the Military Committee of NATO and to the Conference of National Armament Directors. It
comprises a Research and Technology Board (RTB) as the highest level of national representation and the Research and
Technology Agency (RTA), a dedicated staff with its headquarters in Neuilly, near Paris, France. In order to facilitate
contacts with the military users and other NATO activities, a small part of the RTA staff is located in NATO
Headquarters in Brussels. The Brussels staff also co-ordinates RTO’s co-operation with nations in Middle and Eastern
Europe, to which RTO attaches particular importance especially as working together in the field of research is one of the
more promising areas of co-operation.

The total spectrum of R&T activities is covered by the following 7 bodies:

e AVT Applied Vehicle Technology Panel

e HFM  Human Factors and Medicine Panel

e IST Information Systems Technology Panel

e NMSG NATO Modelling and Simulation Group

e SAS Studies, Analysis and Simulation Panel

e SCI Systems Concepts and Integration Panel

e SET Sensors and Electronics Technology Panel
These bodies are made up of national representatives as well as generally recognised ‘world class’ scientists. They also
provide a communication link to military users and other NATO bodies. RTO’s scientific and technological work is
carried out by Technical Teams, created for specific activities and with a specific duration. Such Technical Teams can

organise workshops, symposia, field trials, lecture series and training courses. An important function of these Technical
Teams is to ensure the continuity of the expert networks.

RTO builds upon earlier co-operation in defence research and technology as set-up under the Advisory Group for
Aerospace Research and Development (AGARD) and the Defence Research Group (DRG). AGARD and the DRG share
common roots in that they were both established at the initiative of Dr Theodore von Kéarman, a leading aerospace
scientist, who early on recognised the importance of scientific support for the Allied Armed Forces. RTO is capitalising
on these common roots in order to provide the Alliance and the NATO nations with a strong scientific and technological
basis that will guarantee a solid base for the future.
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AGARDograph Series 160 and 300

The Systems Concepts and Integration (SCI) Panel has a mission to distribute knowledge concerning
advanced systems, concepts, integration, engineering techniques, and technologies across the spectrum of
platforms and operating environments to assure cost-effective mission area capabilities. Integrated defence
systems, including air, land, sea, and space systems (manned and unmanned) and associated weapon and
countermeasure integration are covered. Panel activities focus on NATO and national mid- to long-term
system level operational needs. The scope of the Panel covers a multidisciplinary range of theoretical
concepts, design, development, and evaluation methods applied to integrated defence systems.

One of the technical teams formed under the SCI Panel is dedicated to Flight Test Technology. Its mission
is to disseminate information through publication of monographs on flight test technology derived from
best practices which support the development of concepts and systems critical to maintaining NATO’s
technological and operational superiority. It also serves as the focal point for flight test subjects and issues
within the SCI Panel and ensures continued vitality of the network of flight test experts within NATO.

These tasks were recognized and addressed by the former AGARD organization of NATO in the form of
two AGARDograph series. The team continues this important activity by adding to the series described
below.

In 1968, as a result of developments in the field of flight test instrumentation, it was decided that
monographs should be published to document best practices in the NATO community. The monographs in
this series are being published as individually numbered volumes of the AGARDograph 160 Flight Test
Instrumentation Series.

In 1981, it was further decided that specialist monographs should be published covering aspects of
Volume 1 and 2 of the original Flight Test Manual, including the flight testing of aircraft systems.
The monographs in this series (with the exception of AG 237, which was separately numbered) are being
published as individually numbered volumes of the AGARDograph 300 Flight Test Techniques Series.

At the end of each AGARDograph 160 Flight Test Instrumentation Series and AGARDograph 300 Flight
Test Techniques Series volume is an annex listing all of the monographs published in both series.
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Optical Air Flow Measurements in Flight
(RTO AG-160 Vol. 20 / SCI-033)

Executive Summary

Optical measurements are increasingly becoming a part of measurement techniques in airborne systems. It
has become important to avoid protuberances on military aircraft designed for stealthy radar
characteristics. Optical measurement systems offer the possibility of accurate airspeed measurements that
do not increase the radar cross-section. Although the experience base is small, cost studies show that
substantial savings are possible for military applications. Applications of optical air flow measurements
on highly maneuverable aircraft are expected to provide much more reliable information in regions of the
flight regime where unacceptable measurement uncertainties plague conventional probe-based techniques.

Furthermore, with optical methods, the velocity of air masses at some distance from the aircraft can be
measured. This feature can be utilized for several purposes. Air data measurement on helicopters beyond
the rotor downwash and on first flights of prototype aircraft are improved. Warnings for turbulence and
wind shear in front of the aircraft can be generated for prevention of engine unstarts and for improvement
of flight safety. The researcher can study the atmosphere without flying through the air mass under study.
The researcher measuring the air at very small distances from the aircraft learns about aerodynamics, and
can be confident that the measurement process does not disturb the condition being measured. Parachute
drop accuracy can also be improved.

The purpose of this AGARDograph is to bring attention to optical technology as it is currently being
utilized in flight systems and to mention future technology prospects. The reader will become familiar
with the vocabulary, components, and techniques in using optical components in airborne systems.
Applications for airborne optical systems and case studies are also discussed.
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Mesures optiques de 1'écoulement
aérodynamique en vol

(RTO AG-160 Vol. 20 / SCI-033)

Synthese

Les mesures optiques font de plus en plus partie des techniques de mesure utilisées dans les systémes
acroportés. Il est désormais important de s’assurer que les avions militaires congus pour la furtivité ne
comportent pas de protubérances. Les systémes de mesure optique offrent la possibilité d'exécuter des
mesures précises de la vitesse aérodynamique sans augmentation de la surface équivalente radar. Bien que
l'expérience acquise dans ce domaine soit limitée, des études de colits ont montré que des économies de
colts considérables seraient réalisables dans le cas d’applications militaires. La mesure optique de
I'écoulement aérodynamique appliquée a des aéronefs trés manceuvrants devrait fournir des informations
beaucoup plus fiables sur des parties du domaine de vol pour lesquelles les techniques a base de sondes
actuelles sont entachées d'incertitudes de mesure.

En outre, les méthodes optiques permettent de mesurer la vitesse de masses d’air a différentes distances de
I’aéronef. Cette caractéristique peut étre mise a profit de différentes facons. L'enregistrement des données
aérodynamiques est amélioré, tant pour les hélicopteres, en ce qui concerne le domaine de vol au-dela de
la zone de déflexion vers le bas du rotor, que pour les premiers vols d'avions prototypes. Des signaux
d'avertissement peuvent étre générés en cas de détection de turbulence et de cisaillement du vent a I'avant
de l'aéronef, afin d'éviter les décrochages et d'améliorer la sécurité en vol. Le chercheur peut étudier
I’atmosphére sans traverser la masse d’air a I’é¢tude. Lorsqu’il mesure 1’écoulement d’air a des distances
trés rapprochées de 1'aéronef et s’informe sur 1’aérodynamique, il peut avoir la certitude que le processus
de mesure ne perturbera pas le milieu étudi¢. La précision lors de parachutages peut également étre
améliorée.

Cet AGARDographe a pour objectif d'attirer I'attention sur les technologies optiques telles qu'actuellement
employées dans les systémes de navigation et d'évoquer les perspectives technologiques futures. Le lecteur
pourra se familiariser avec le vocabulaire, les composants et les techniques d'intégration des composants
optiques dans les systémes aéroportés. Certaines applications pour systémes optiques aéroportés et des
¢tudes de cas sont également présentées.
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Chapter 1 — INTRODUCTION

1.1 Background

The goal of this AGARDograph is to provide an introductory practical overview of in-flight optical flow
measurement techniques. This document is written to aid an instrumentation engineer or research scientist in
making non-intrusive flow measurements on an aircraft. It is hoped that this document will be particularly
useful for the technologist with a limited background in optical theory and limited experience in applying
optical technology. The experience of the authors and numerous other contributors has been infused here to
provide guidance in avoiding expensive non-productive diversions that can occur when applying optical
technology for the first time in the flight environment. This AGARDograph provides basic knowledge and
techniques necessary for assessing the applicability of optical measurements and addressing effective optical
measurement techniques in flight. Key aspects of optical measurements are discussed and the tradeoffs are
identified, as they are currently understood. Basic components of optical measurement systems are discussed
and key requirements are identified. Specific systems designed for a variety of applications are discussed to
provide insight for the reader.

1.1.1 History

For many years, optical methods have been extensively used to perform detailed flow velocity
measurements in wind tunnels. Non-intrusive optically based measurements have given researchers insight
into the details of fluid dynamics that could not be obtained with any other technique. With optical methods,
the researcher can be confident that the measurement process has not disturbed the condition being measurec
and can therefore concentrate on results assessment instead of on developing calibrations or corrections for
measurement-induced flow disturbances. The wind tunnel environment, being ground-based, affords ample
space and power for equipment operation. Laser beams can be safely controlled in a ground situation. The air
in a wind tunnel, unlike the free atmosphere in-flight, is confined so special operations (like seeding the flow
with optical tracer particles) can be utilized. The enclosures of wind tunnels restrict the entry of light radiation
from extraneous natural or artificial sources, thereby preserving the signal-to-noise ratio in the ground
situation. For many of these reasons, the use of optical methods has become routine and one or more
laser-based velocimetry systems have become standard fixtures for most production wind tunnels, on a
worldwide basis. As conditions are often less favorable for aircraft in-flight testing, optical technigues have
been less practical for flight applications.

Notwithstanding the difficulties in applying optical velocity measurements in flight testing, several
systems were developed and operated, beginning in the early 1970s. About this time, carbon dioxide gas
lasers (operating in the far infrared, at a wavelength neqmi)Owere developed that had the necessary
coherence length to be able to generate a reliable Doppler frequency shift from aerosol backscatter through a
coherent detector. These reference-beam systems measure flow velocity along the axis of the laser beam.
Efficient systems at this wavelength require cryogenically cooled detectors, a limiting factor for flight use.
These systems have been and continue to be used in special situations and for reference purposes, but havi
always been one-of-a-kind designs usually for specific research applications. Because of the large size and
power needs of these early systems, large aircraft were usually required. With the passage of time,
improvements in technology reduced the size and power requirements and systems were built and flown on
helicopters and high-performance fighter aircraft. Table 1-1 summarizes several noteworthy early systems.

RTO-AG-160-V20 1-1
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Table 1-1: Early optical-based flight flow measurement systems.
Year Organization/ Wavelength/ Concept Application/
Aircraft Mode/Power Significance
1971 Honeywell, 10.um/CW/ Focused reference-beanfirspeed measurement at 20 meters.
Inc./CV990 10W and 50 W velocimeter First known flight test of laser

velocimeter

1975 Raytheon, 10.6um/CW/ Focused reference-beantCorrection of helicopter-fired rocket
Inc./UH-1 3.5 W/ scanned velocimeter ballistics. Range of 1 to 32 m. First
scanned system, first real-time rotor
downwash correction

1984 Lockheed/ .B8um/CW/OW  Sheet pairs Airspeed measurement at 2.5 m. First
L1011, F-104 time-of-flight flight test of a sheet-pairs system. (ref.
velocimeter Smart-1992)
1984 Sextant 10.um/CW/ Focused reference-beanfirspeed measurement at 40 meters.
(Crouzet)/ 4w velocimeter First supersonic laser velocimeter flight
Mirage 3 test

Many applications were to obtain airspeed and flow direction angles without using the traditional air data
boom. The applications were initially driven by two requirements; (1) the need to measure flow direction at
extreme flight attitudes, and (2) the need to reduce the cost for calibrating and maintaining air data systems. In
the late 1980s and early 1990s another requirement became important; to avoid protuberances on military
aircraft designed for stealth radar characteristics. To achieve high maneuverability, high-performance aircraft
were flying at unusual attitudes exceeding the ability of conventional air data measurement techniques to
measure accurately. Cost studies revealed that substantial resources were devoted to calibrating and
maintaining air data systems. Optical measurement systems offered the possibility of substantially reducing
these costs for the airspeed measurement and improving the accuracy of the information. Flow-direction
measurement probes disturbed the carefully designed shapes consistent with the low radar cross-section
characteristics of military aircraft. A non-intrusive measurement technique was needed, and optical
techniques offered an attractive solution to meet the requirements.

1.1.2 Challenges for flight applications

Moving from a controlled environment in a wind tunnel to a less-controlled setting in flight brings
additional challenges, not all of which are addressed by improvements in technology. Some of the challenges
in the flight applications are described below.

1.1.2.1 Natural aerosol backscattering

Since most applications utilize optical scattering from natural aerosols entrained in the flow, one of the
more challenging aspects of using optical techniques in a flight environment is utilizing the natural aerosol
environment to provide the scattering for tracing the flow motion. The atmosphere is a highly complex system
and a natural by-product of this complexity is the constant addition and removal of aerosols from a myriad of
physical and chemical processes, all of which proceed independently of the desires and activities of the flow
researcher (see also 3.3.2 and 3.4). No feasible control is possible over the natural aerosol number density or
any of the aerosol physical characteristics. Measurement systems using aerosol backscattering must
accommodate the natural situation to be useful. Occasionally the available aerosols are not present in
sufficient density or are not of a useful size to provide adequate backscatter values for an acceptable
signal-to-noise ratio of a given system design. This condition results in reduced quality data and limits

1-2 RTO-AG-160-V20
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operating range. Some concepts in the early stages of development rely on molecular scattering and do not
require the presence of aerosols to trace flow motion. These molecular scattering concepts bring their own set
of challenges, including requirements for different operating wavelengths, and alternate methods of signal
processing.

1.1.2.2 Lowsignal-to-noiseratio (SNR)

Obtaining an adequate signal-to-noise ratio requires capturing the maximum level of signal and optimizes
the rejection of extraneous noise. In the flight environment, unlike the more controlled wind tunnel situation,
extraneous noise can enter the system from natural sources within the system field of view. Wavelength
filtering and tight control of the field of view are often used to restrict the entry of undesired radiation.

Some flight applications require measurements from long ranges (10s of kilometers). Light energy
scattered back from aerosols at long ranges is (from first principles of optical physics) diminished by being
proportional to the inverse square of the range. Flight optical systems have limited ability to collect the
reflected energy, thereby causing low signal levels and low SNR. Averaging is often used to improve the SNR
at the expense of spatial and temporal resolution. Of course the emitted energy should be as high as possible
for high SNR (limited by laser power capability and safety considerations). All else being equal, the SNR for
long-range measurements is proportional to the received energy (and by inference the emitted energy).
Equation 3-4 in section 3.6.1 identifies factors that influence the SNR of a system.

1.1.2.3 Eyeand skin hazards

Since the laser beam is projected into the free atmosphere, it creates a potential eye hazard for personnel
on the ground or in other nearby aircraft. This same eye hazard is present with wind tunnel systems, but it is
far easier to control by limiting access for at-risk operator staff. A serious eye hazard may be created by lasers
operating at wavelengths that are not sensed by the human eye (invisible). The normal “blink” reaction to a
bright light provides a degree of protection when a bright visible wavelength enters the eye. When invisible
beams enter the eye, the “blink” reaction is inoperative and serious damage can occur with no awareness. It
should be emphasized that not all visible and invisible wavelengths are equally dangerous and the risks must
be assessed on a case-by-case basis using the series Z136 of ANSI standards or other applicable nationa
standards. The subject of eye hazards is an evolving area and the series Z136 standards are updated on
regular basis. For example, flash blindness, glare, and startle reactions associated with low levels of laser
energy are covered in a US Government publication ANSI Z13@@lard for the Safe Use of Lasers
Outdoors,! a particularly applicable reference. Another good reference is the publication standard
ANSI 7136.1 Safe Use of Lasers® for readers involved in the design and operation of laser-based flow
measurement systems for flight use.

It is important that the most recent version of the appropriate standard be used during a design
project and for developing safety procedures to protect system operators. If system developers have
limited expertise in laser technology it is advisable to seek the services of a consultant to assure that
laser safety matters are properly addressed.

Assessing the hazard for a laser measurement system is a complex process that involves several factors,
including power output, wavelength, mode of operation (continuous wave or pulse), pulse duration, and
aperture (or cone angle). This process involves the use of a wavelength-based maximum irradiance, which is
termed the maximum permissible exposure (MPE). For minimum risk, the laser should qualify as a Class |,
which causes no damage to either vision or skin under continuous exposure. Lasers in Class Il may often be
applied with limited restrictions as a result of the natural blink reaction. Laser system operators are required to
undergo eye examinations prior to initial service as an operator, and periodically as long as the service
continues.
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Most in-flight measurements have used infrared laser sources. There is some safety advantage to using
wavelengths longer than 1.4 micrometers since the cornea and the vitreous humor in the eye absorb a
substantial fraction of the incident energy prior to its reaching the retina. Irradiances beyond 1.4 micrometers
result in MPE levels on the order of 15 times the levels in the visible range. This means that about 15 times the
power level at visible wavelengths can be used and the laser source can still qualify as a Class I. The term
“eye-safe” is sometimes applied for laser radiation with wavelengths beyond 1.4 micrometers, but as
explained, this is a simplification because both the power level and wavelength must be specified to qualify as
“eye safe.” Although it is theoretically possible to cause eye damage from radiated laser light from an aircraft
in flight, the authors know of no injuries caused by accidental in-flight laser radiation. For class Ill and class
IV lasers, overall system safety is more effective with an emphasis on development of safe system
maintenance procedures and disabling the laser against accidental activation on the ground.

INTRODUCTION .

Newer systems using molecular backscatter require shorter wavelengths in the ultraviolet (UV) range.
Compared to visible wavelengths, the eye is much less tolerant of shortwave ultraviolet radiation (especially
below about .3 micrometers). For ultraviolet light (and to a lesser degree for all radiation) the effects of
radiation effects on the skin should also be taken into account (see the ANSI standards noted earlier in this
section).

1.1.3 Component technology developments

As suggested in the prior section, the practicality of using optical measurements in flight is strongly
limited by the available technology of the system components. Therefore, improvement in component
technology often paces flight applications. Improvement in optics and signal processing technology as well as
the widespread availability of powerful, rugged, and compact computer technology has opened doors to many
flight applications not previously feasible.

1.1.3.1 Optical state-of-the-art technology

State-of-the-art developments in optical technology, primarily in the area of solid-state lasers, detectors,
and integrated optics make possible small, power-efficient systems that can be used in flight. Solid-state lasers
that operate at near-infrared wavelengths are much less dangerous to the eye than others with visible outputs
and are rapidly becoming available, spurred on by requirements from the communications industry for
components and systems optimized for these wavelengths. Wavelengths longer than 1.3 micrometers have
received relatively more attention, at least for long-range measurements. Most solid-state lasers are
substantially more efficient and more compact than earlier gas or dye lasers; therefore, less power is required
for operation and the resulting smaller systems can be installed within the restricted space and power
constraints typical of most aircraft. An often overlooked side benefit to more efficient systems is the reduced
heat that must be dissipated. The more effective systems enable flow measurement with optical techniques in
flight, thereby introducing to flight applications the advantages previously only experienced in the wind
tunnel. In addition to the advantages for fluid dynamics research, optical flow measurement gives the
potential for less disturbance to air data measurements and to measurements of the atmosphere in the vicinity
of the aircraft. Examples of these applications are turbulence and wind shear detection systems under
development. 1-micrometer Nd:YAG lasers using nhon-linear quadrupling crystals operate at .25 micrometers
in the ultraviolet spectrum and make use of the increased molecular scattering at the shorter wavelength.
While posing a risk of eye damage, these UV systems can provide non-intrusive measures of ambient air
temperature and density. These measurements round out the full suite of “air data” parameters that are needed
by most flight vehicles. Conventional temperature and pressure probes introduce errors resulting from the
flight vehicle motion in the atmosphere, while the UV-based measurement approach avoids this particular
source of error.
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1132 Sgnal processing

Improved high-speed signal processing capability, primarily from electronic digital signal processors,
provides detailed test results in real time. This allows applications in operational flight settings where results
must be rapidly analyzed to support operational decisions. This capability strongly supports the research
application by providing results to the investigator, so that an inefficient experiment protocol may be altered
quickly to obtain more effective use of expensive flight time.

1.1.3.3 Spin-off developments

In most cases, improved technology has resulted in reductions in size, and increases in efficiency for
system components. Reductions in size usually imply reductions in weight as well. All of these characteristics
associated with improved technology make the application of optical measurements much more feasible in the
flight environment. Smaller components mean smaller systems, systems that can be more fully integrated into
robust designs capable of operating in the sometimes harsh vibration and temperature extremes encountered
in flight

1.2 Objective

The general objective of this AGARDograph is to provide an introductory overview of in-flight optical
flow measurement techniques. The focus of this AGARDograph is to identify the basic knowledge and
techniques that system designers need to assess the applicability of optical measurements and to address
effective optical measurement techniques in flight. Key aspects of optical measurements in flight are
discussed and tradeoffs are identified, as they are currently understood. Examples of specific applications are
provided.

Instrumentation design engineers usually have an educational background including a major in some
branch of engineering. Understanding the principles of making optical measurements in flight requires
knowledge of basic optical concepts, electronic concepts, optoelectronic interfaces, and some understanding
of atmospheric processes associated with natural aerosols. It is not often that an engineer will have the
necessary background knowledge in all these areas to begin effective work in acquiring optical measurements
in the flight environment immediately after an assignment has been made. This AGARDograph is intended to
provide the initial information that will be useful in understanding the basic concepts.

Because this is an introductory document, theoretical treatment is not emphasized and the reader is
encouraged to use the references provided at the end of the document for more comprehensive and detailed
treatment of various aspects of optical flow measurements. Equations are occasionally used to illustrate
relationships, but the majority of the discussion is focused on describing processes in a way that is physically
understandable for a reader with a limited background in optical theory and technology.

1.3 Organization

The volume is organized, in keeping with the objective of providing an introductory overview of the
subject, to provide a basic vocabulary and understanding of fundamental principles governing the operation of
optical flow measurement in Chapters 1, 2, and 3. Chapters 4 and 5 treat the individual components of typical
optical flow measurement systems and discuss how these components may be combined into operating
systems. Chapters 6 and 7 describe how systems may be designed for specific applications and highlight the
basic requirements for these applications. Also reviewed are several examples of systems that have been
designed for flight applications. Chapter 8 identifies trends in the technology for optical measurements in
flight and speculates on the effects this may have on future systems capabilities. An outline of the volume
follows:
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Chapter 1. Introduction

A brief historical background of optical flow measurements in flight is reviewed for reader insight.
Examples of past systems are included to provide an understanding of optical systems development over the
past 30 years as technology has progressed, in both optics and in many of the supporting disciplines for
flight-based optical flow measurements.

Chapter 2. Terminology and definitions

The terminology used for the different optical flow measurement techniques in literature is not uniform.
Therefore a clear definition of the terms to be used in this volume is provided. The authors have attempted to
define the terminology to conform to the definitions of the majority of authors in the literature.

Chapter 3. Basic principles

The physical principles of optics and their implications for optical flow measurement in flight are reviewed.

Light source — Light source properties that bear on the performance of an optical measurement system are
discussed. Factors considered include coherence, pulsing, and power effects.

Measurement volume discrimination — Several methods are considered for selecting the volume from
which the optical measurement is obtained. Optical methods, including focusing and masking, are considered
as well as timing techniques that rely on pulsed sources and detector gating.

Scattering from seeded flow — All optical flow measurements being applied in flight depend on light
scattering. Basic theory concerning the light scattering is summarized. The requirements on aerosols in the
flow or molecules that comprise the flow are reviewed. Also considered are the characteristics of scattering
from an ensemble of scatterers and the effects upon the detected signal

Detection — Detector requirements are reviewed for optical flow measurement systems. Factors
considered include sensitivity, frequency response, and noise characteristics.

Signal processing — Most aspects of signal processing are discussed because of its importance in optical
system performance. Signhal processing before detection and after detection is reviewed. Tradeoffs for many
optical configurations and measurement applications are also discussed.

Chapter 4. System components

In this chapter an overview is provided of the essential system components encountered in optical flow
meters. The principles identified for system components in chapter 3 are translated into practical
specifications.

Optical components — Optical components are reviewed, together with the interactions that occur between
the light source, the focusing elements, the pulsing characteristics, and the detector in these optical systems.

Mechanical construction — For flight applications, the mechanical construction of flight systems takes on
an overriding importance. Small size and stiffness of the flight system are critical for reliable in-flight optical
system operation.

Signal processor — The electrical signal from a detector must be processed to derive the flow information.
Different signal processors are compared in order to identify tradeoffs for optimal system performance.
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Chapter 5. Types of laser anemometers

The basic forms of different laser anemometers are categorized and described. Some implicit
characteristics are mentioned.

Laser Doppler anemometers — This category includes dual-beam laser Doppler anemometers,
reference-beam Doppler anemometers (homodyne and heterodyne) and Doppler global velocimeters. These
anemometers are based on the measurement of the frequency-shift of light being scattered on a moving
particle.

Time-of-flight anemometers — The laser two-focus anemometer and the sheet-pair anemometer are
distinct members of this category. These anemometers are based on the measurement of time intervals
between successive scattering events on one particle.

Chapter 6. Applications

Optical flow measurements in flight are used in several applications that set various requirements on the
anemometers. A structured overview of the various application fields follows.

Air Data Systems — Velocities derived from light scattering, just outside the range of the flow disturbance
from the aircraft, enable the calibration of air data sensors. The airspeed of the aircraft in three components,
the angle of attack, and the angle of sideslip can be determined by using this method, with a high degree of
accuracy and without the use of other sensors. This is particularly useful under conditions of dynamic
maneuvering and unusual flight attitudes.

Safety Hazard Detection and Atmospheric Research — By measuring the airspeed at a considerable
distance in front of the aircraft, a wind shear or turbulence hazard detection system can be created. This
detection can trigger procedures for protecting the aircraft occupants or a change in the setting of a supersonic
aircraft engine to prevent engine inlet unstart. Clear air turbulence as well as wake vortices near runways can
also be detected with far field anemometers. Improved passenger comfort and safety are expected as a result
of this capability.

Aerodynamic Investigations — To determine the air flow very close to the aircraft is to learn about the
aerodynamics at this range. Subjects of interest in this area include flow around wing-body junctions and flow
around nacelles.

Atmospheric research — To determine the wind velocity field without flying through the air mass under
investigation is possible with this technology.

Parachute drop accuracy improvement — To measure wind velocity fields for the accurate determination
of high-altitude release points for parachutes (and similarly for release points of ballistic munitions) is another
possible application of this technology.

Chapter 7. Existing systems

An overview of existing systems is provided, based on a literature survey and the findings from travels by
the authors through the USA and Europe. Some examples of existing optical anemometers are described in
detail. Since the science (and art) of obtaining optical flow measurements in flight has not reached a mature
state, some systems are included in Chapter 7 that are designed for flight applications, but have not yet
reached flight status.
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Chapter 8. Future prospects and directions

Future potential of optical flow measurements is shown in a variety of application areas. Prospects of
in-flight flow measurements may be advanced considerably by the development of suitable components of
anemometers. The authors’ viewpoint on future trends in optical air flow measurement in flight is included in

this chapter.
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Chapter 2 — TERMINOLOGY AND DEFINITIONS

The terminology used for different optical flow measurement techniques is not uniform in the existing
literature. Therefore it is necessary to provide a clear definition of the terms used in this volume. The
definitions included here attempt to conform to terminology in common use by the majority of authors in the
literature available on this subject.

aerosol— a microscopic solid or liquid particle in the atmosphere. Examples of natural atmospheric
aerosols are; water droplets, stratospheric sulfuric acid droplets from volcanic eruptions, wind-borne dust
particles from surface sources, natural or man-made by-products of incomplete combustion, and solid
by-products of natural atmospheric chemical reactions. Natural aerosols of the appropriate size and with
useful optical properties are used in optical measurements as flow tracers to determine the flow motion. Some
aerosols absorb optical energy at specific wavelengths and under some circumstances these may attenuate the
optical signal strength.

backscatter coefficient— the ratio of transmitted optical energy to energy scattered directly back to the
transmitter, normalized by length and by the collected solid-angle field of view. This parameter is the result of
optical energy scattering by molecules and an ensemble of particles entrained in an illuminated region of the
atmosphere. This coefficient is affected by the particle number density and the particle size relative to the
wavelength of the transmitted optical energy.

bistatic optical configuration — an optical configuration using different optics to shape the output
pulse-beam and to collect the scattered light. Bistatic optics receive scattered light from an axis not aligned
with the transmitted energy and thus provide information on flow motion along a different axis. Multiple
receivers can measure several velocity components from the same region of interest and thereby provide three
velocity components.

coherence length— the length, in the direction of the propagation of a light beam, over which the phase
of light is correlated (the correlation function larger than 1/e). The coherence length is often specified for a
light source. Adequate coherence length is an important factor for anemometers based on interference of light
for detection. The coherence length of the light source is therefore often an important parameter in the design
of such a meter.

coherent detection— a process that provides improved detection sensitivity to weak signal returns in
low signal-to-noise ratio (SNR) environments. The received signal is mixed with the single-frequency
reference signal from a local oscillator on the surface of a “square-law” detector to derive a beat signal with a
frequency equal to the difference frequency between the reference and the received signal. This process
provides a substantial effective signal gain and a derived signal with a frequency distribution equal to the
difference between the signal of interest and the reference. This difference signal is particularly interesting
(since it includes the information of interest) and effectively represents a signal translation from an extremely
high frequency to a range much lower than the original that is more amenable to further signal processing. An
example is noise reduction through low-pass filtering. This process provides the ability to detect a narrow
band of frequencies with very high Doppler frequency resolution. Optical systems using coherent detection
require precise optical alignment to transmit and receive planar waves for optimal sensitivity and are more
complex than systems using direct detection. In the electronic disciplines, the term “product detection” is used
to describe the coherent detection process. (see heterodyne and homodyne)

coherent laser radar (CLR)— a term increasingly used to describe a reference beam laser anemometer;
See reference beam laser anemometer (for air flow measurement applications).

continuous wave— is a mode of system operation wherein the optical system radiates continuously as
opposed to the pulsed mode of operation where radiation is intermittent. The continuous-wave mode of
operation is often abbreviated “CW".
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detection — is the process of converting the optical signal into an electrical form, so that the flow
information can be electronically processed and extracted for analysis.

TERMINOLOGY AND DEFINITIONS =

detector — is the device that reacts to the impingement of optical energy on its surface by producing an
electrical output signal. Detectors play a key role in all optical measurement systems. Important parameters
for detectors include: quantum efficiency, dark current, sensitivity, and frequency response.

differential laser Doppler anemometer— See dual-beam laser Doppler anemometer

digital signal processor (DSP)— a specialized digital processor technology configured to efficiently
perform algorithms commonly encountered in signal processing applications. Typical processes include
averaging, correlating, and time-to-frequency domain conversions. DSP technology is often used to process
flowmeter signals.

direct detection— a process that discriminates a frequency shift (Doppler) in scattered light by optically
filtering signals before they impinge on the detector surface. A very narrow-band filter is used to convert the
scattered signal frequency into an amplitude variation. Thus the detector output amplitude becomes a
representation of the frequency shift. Optical filters that are commonly used for direct detection include
optical etalons and molecular vapor cells, lodine being one of the more popular choices.

discriminator signal processing — a signal processing technigue modeled on conventional
frequency-modulated telemetry techniques that convert frequency variations into amplitude variations.
Optical discriminator signal processing relies on narrow-band filtering (usually accomplished with an etalon
or a molecular filter) to provide a sharp and stable amplitude-to-frequency characteristic. See direct detection.

Doppler global velocimetry (DGV) — (also called planar Doppler velocimetry (PDV)) a flow
velocimetry technique applying direct detection of frequency shifts of light scattered from aerosols in a light
sheet. The three components of the velocity vectors can be determined by illuminating the plane in which the
measurements are taken from three directions or by detecting frequency shifts in three directions on three
different sets of detectors.

Doppler shift — is the key parameter used in nearly all optical flow velocity measurement concepts to
measure velocity by comparing the scattered light frequency with transmitted frequency. The difference in
these two frequencies, scaled by the inverse wavelength, is a direct measure of the velocity along the laser
beam.

dual-beam laser Doppler anemometer— is an anemometer using intersecting laser beams to measure

the difference in Doppler shift of light scattered from these beams by particles traversing the intersection
volume. A simplified explanation of the anemometer operation considers the interference pattern often called
“fringes” created in this beam intersection volume. As entrained particles in the focal region traverse the
fringe pattern, bursts of light are returned to the detector. Frequency analysis of the fringe-crossing frequency
defines the particle velocity component perpendicular to the fringe orientation. Other fringe patterns at other
locations must be used to provide two additional flow velocity components for the three-dimensional flow
field at one point in space. The single measured velocity component is perpendicular to the angle bisector of
the crossed beams.

etalon— is a device using two parallel partly transparent mirrors providing a frequency and directionally
dependent optical transfer function to incident light. Spectrometers with very high spectral resolutions can be
realized with an etalon. Etalons are used to determine the light spectrum generated by a laser.

far field — is the region of the atmosphere about a moving aircraft that is at such a large distance from the
aircraft so as to be uninfluenced by flow disturbances created by the aircraft motion. As used in this volume,
far field is the region remote from the local flow field
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finesse— is the ability of an etalon to resolve closely spaced frequency components of incident light.

Finesse increases proportionally with the etalon plate reflectivity while the signal throughput decreases. In a
typical Fabry-Perot lidar application, there is an optimal finesse that results in adequate spectral resolution to
measure the Doppler shift, but that also achieves sufficient light throughput to the detector. Finesse and
frequency stability are affected by other factors, including plate flatness, parallelism, and spacing, range of
angles that can be transmitted, and in some cases, the diffraction limit of the system. Fabrication of the plates,
and mounting of the etalon must be done with care to avoid environmental effects of temperature and pressure
gradients.

flow following — is the ability of a light scattering aerosol to follow the motion of the fluid in which it is
entrained, particularly under conditions of high flow-acceleration. Factors that enhance this ability include
small size, aerosol and fluid density matching, high fluid viscosity, and fluid motion with low levels of
acceleration. Flow following is more important for measurements in the local flow field, as flow at greater
distances (free-stream and far field) is subject to relatively lower accelerations originating from normal
atmospheric processes.

free stream— is, in essence, similar to “far field”, except as used in this volume it implies that region of
the atmosphere about a moving aircraft that is just beyond the outer boundary of the local disturbed flow field.

fringe anemometer— See dual-beam laser Doppler anemometer

heterodyne — is a coherent detection technique using a reference signal that is offset from the
transmitted signal to provide advantages over a simple homodyne technique. Typical advantages are: (1)
reducing the Doppler signal frequency to accommodate the limitations of the signal detector bandwidth, and
(2) providing the capability to easily differentiate changes in flow direction in a reference-beam anemometer.

homodyne — is a coherent detection technique that uses the transmitted signal as a reference for the
coherent detection process. Homodyne systems are used in cases where the Doppler signal is well within the
detector bandwidth capability and where detection of flow velocity reversal is not required.

ladar — is an acronym from the words LAser Detection And Ranging. Through common usage, the term
“ladar” has come to refer to the optical analog of radar (which is used to measure position and motion of large
hard objects such as aircraft or automobiles).

laser — is an acronym from the words Light Amplification through Stimulated Emission of Radiation.
The laser is a light source utilizing the quantum effect called “stimulated emission of radiation” to provide
light characterized by a narrow bandwidth, coherence, focusing ability, high power, and pulse capability.

LDA — is an acronym from the words Laser Doppler Anemometry. A technique for measuring the
velocity of wind (anemos is Greek for wind) from the frequency shift occurring when laser light is scattered
from moving particles in the air. Through common usage, the term LDA (synonymous with LDV, laser
Doppler velocimetry) refers to the dual-beam laser Doppler anemometer

lidar — is an acronym from the words Llght Detection And Ranging. Through common usage, the term
lidar has come to refer to a measuring process that provides information on the motion of the atmosphere and
the atmospheric aerosol loading that is manifested in the scattering of light back to a detector (the so-called
monostatic system). The process relies on scattering from an ensemble of natural aerosols from an illuminated
region of the atmosphere and does not track single aerosol motion.

LTA —is an acronym from the words Laser Transit Anemometry. A technique for measuring the time it
takes for a particle to move from one intense light area to another intense light area. The velocity of the
particle can be derived from the distance between the locations where the light was scattered and the time
interval between scatterings. Through common usage, the term LTA refers to the two-spot laser anemometer
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L2F — is an acronym for laser two-focus anemometer or two-spot laser anemometer. See two-spot laser
anemometer.

TERMINOLOGY AND DEFINITIONS =

masking — is a technique that uses the intersection of a projected light beam and a detector optical field
of view to define a measurement volume.

maximum permissible exposure (MPE)— is the maximum irradiance permissible from a laser source
into the human eye or onto exposed skin that will not cause damage. Such irradiance may be accumulated
under continuous exposure or through the effects of many pulses over a short period of time.

Mie scattering — is the optical scattering from aerosols having diameters with the same order of
magnitude as the optical wavelength. Mie scattering is characterized by highly variable peaks and nulls in
scattering as the scattering angle is varied and as small changes occur in the ratio of aerosol diameter to
optical wavelength.

measurement volume— is the region of the flow field in question from which the flow measurement is

obtained. For bistatic systems, the overlap of the projected beam and the detector field-of-view defines the
measurement volume. With CW systems using a single beam such as the reference beam laser anemometer
the optical focal region determines the measurement volume. For CW intersection-beam systems such as the
dual-beam laser Doppler anemometer, the region of beam intersection determines the measurement volume.
For pulsed systems, either the optical focal region (mostly for near-field measurements) or the optical pulse
spatial length dimension and beam diameter determine the measurement volume. Often both types of volume
selection are used when optimal performance is required for a specific application.

monostatic optical configuration— a laser anemometer optical embodiment that uses the same optics to
shape the output pulse beam and to collect the scattered light. By virtue of its configuration, this optical
arrangement captures scattered light directed exactly opposite from the transmitted beam, hence the term
“backscatter” which is applied to the received signal. Monostatic systems lend themselves to robust and
compact designs for flight applications. With a monostatic system, it is difficult to adjust receiving parameters
independently from transmitting factors. Pulsed monostatic configurations require special control over pulse
timing to avoid capturing scattered energy from the transmitted pulse onto the detector.

near field — is the region of the atmosphere close to a moving aircraft that is disturbed by the aircraft
motion. Examples of disturbances include pressure fields, boundary layers, shock waves, and wakes shed
from lifting surfaces.

number density — is the number of aerosols per unit volume of the atmosphere. This is a parameter
often used in the measurement of aerosols.

particle — a microscopic solid or liquid object providing optical scattering. In the natural atmosphere the
scattering objects are termed aerosols.

particle image velocimetry (PIV)— is a flow velocity measurement technique utilizing two images of
particles, slightly offset in time, in a plane defined by a laser light sheet to measure individual particle
displacement during the time interval. Flow velocity at the location of each particle is obtained by dividing the
particle displacement by the time interval.

phase-locked loop signal processing- is a signal detection technique that uses the output from a
product detector to slave (lock) a variable frequency oscillator (VFO) (serving as the reference for the product
detector) in a feedback control loop to the highest amplitude frequency component in the received signal of
interest. The frequency of the VFO is then a duplicate of the frequency component of interest (Doppler shifted
frequency) and the VFO then provides a noise-free duplicate of this signal. This technique has been largely
supplanted by the digital signal technology.

range gating— is a technique for distance discrimination by the capturing of scattered signals, at times
corresponding to the round-trip period from the transceiver to the measurement volume on the transmitted
beam axis. This technique restricts the signal reception to only the scattering originating in the region of
interest. Pulse length limits the distance resolution possible from this technique.
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Rayleigh scattering— is optical scattering from molecules or aerosols having diameters generally more
than an order of magnitude smaller than the optical wavelength. Unlike Mie scattering, Rayleigh scattering
has a smooth angular variation and the amplitude is proportional to the 4th power ratio of scattering
cross-section to optical wavelength for individual scatterers.

reference-beam laser anemometer- is an anemometer that applies interference between light scattered
by aerosols and light from a reference beam, to derive the flow velocity in a laser-illuminated measurement
volume. This reference beam has the light frequency of the laser illuminating the aerosols or a known offset
frequency where the modification is known. The technique is commonly applied in a backscatter
configuration that requires that the receiver and transmitter be collocated. The component of fluid motion
measured by the reference-beam laser anemometer in the backscatter configuration is along the beam axis.

scattering — is the changing of the propagation of light as it encounters scattering objects in its path
(aerosols or molecules). The distribution and strength of this re-direction is dependent upon the object size
relative to the optical wavelength, the object shape, and the optical properties of the obje8id.{See
Molecular scattering, and3.4.2 Aerosol scattering.)

seeding— is the process of adding artificial optical scattering material (particles or aerosols) to a flow to
assist in tracing the flow motion. Common examples of seeding patrticles are hollow Teflon spheres or olive
oil droplets created from a special atomizer.

sheet-pair laser anemometer— a flow velocity measurement technique using the aerosol transit time
between laser beams shaped into the form of light sheets. This approach is an extension of the two-spot
anemometer concept, designed to measure one component of the flow velocity. Systems of this type have
been fabricated using 3 sheet-pairs converging at a point to provide three-component flow velocity
measurement.

signal processing— is the process of analyzing the optical and electrical signal from a flowmeter to
determine the flow motion.

signal-to-noise ratio— is the ratio of signal power to noise power. This ratio limits the ability of a
system to extract a reliable measurement. The lower the SNR, the more difficult the extraction process and the
more averaging required to obtain a reliable signal estimate.

size distribution — is the distribution of aerosols sizes in a specific volume of the atmosphere. Rayleigh
scattering governs the backscatter coefficient for aerosols substantially smaller than the probe optical
wavelength. Mie scattering is the dominant effect when the aerosols are of the same general order of
magnitude as the wavelength. Refraction, reflection, diffraction and interference play important roles for
those aerosols much larger than the wavelength.

spatial filtering — is a special type of mask (pinhole) placed at the focus of a light beam. This mask has
the property of limiting the depth of field of the viewing optics.

stimulated emission— is a process whereby a photon physically passes close to an excited atom
inducing that atom to release a photon. This photon is the same wavelength as the stimulating photon, is
emitted in the same direction, and has the same phase. This process leads to coherent light emission.

two-spot laser anemometer— is a flow velocity measurement technique using the aerosol transit time
between laser beams shaped into highly focused spots as a means of determining the flow velocity vector
along the axis parallel to a line connecting the spots. Flow direction is determined by rotating these spots
about the midpoint until the autocorrelation function of the backscattered signals has reached a maximum.
When this condition is achieved, the flow is deemed to be along the axis parallel to the line connecting the
spots.
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Chapter 3 — BASIC PRINCIPLES

Material covered in this chapter is limited to only that necessary for describing underlying principles
necessary for an engineering understanding of flight optical flow measurement. These principles are to assist
in identifying the capabilities of the various techniques and associated tradeoffs between alternative methods
of research. More complete theoretical treatment of these principles is covered in the references provided.

3.1 Introduction

All in-flight optical airflow velocity measurements use light scattering. Light is scattered on
inhomogeneities in the optical refractive index of a medium from both air molecules and aerosols entrained in
the air. The characteristics of molecular scattering and aerosol scattering are quite different and are reviewed
in this chapter. Furthermore, some other physical topics are introduced when such topics are necessary for
understanding the physics behind laser anemometry.

The basic principles of in-flight optical airflow velocity measurements are utilized differently for the
various anemometry systems and a wide variety of anemometer types have been developed. The basic layout
of an anemometer is (1) a light source, (2) optical elements, (3) a detector, and (4) signal processing
electronics (although generally not considered a part of the anemometer, scattering media entrained in the
flow field of interest are required for operation). As an introduction, components in this layout are discussed
in the order noted above.

The following block diagram (figure 3-1) illustrates how the system components are interconnected in a
variety of airborne flow-measurement systems. Most systems contain all of the components shown, however,
all of the electronic connecting links may not be required for all systems.

Light scattering in
measurement volume
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< Optics —> Electronic link
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] processing IOutput

Control
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Figure 3-1: Generic block diagram of an in-flight flow measurement system.
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In many optical instruments the laser is introduced as the ideal light source for velocity measurements.
Advantages of the laser compared with classical light sources are the coherence of light, the light beam shape,
the high intensity of light produced, and the potential for very short pulses of light. In principle, classical light
sources such as lamps can also be used for anemometry, but in practice the laser advantages prevail.
Therefore, some words about the laser.

BASIC PRINCIPLES
3.2 Light Source

The laser (Light Amplification through Stimulated Emission of Radiation) is a light source in which a
quantum effect of atoms (or molecules) is utilized. A large number of excited atoms is created in the optical
cavity of a laser by optical excitation. For solid state lasers (i. e. ruby, NdYAG, sapphire, alexandrite) flash
lamps or IR laser diodes provide the excitation. High-voltage is used to form a plasma excitation arc in gas
lasers, such as HeNe, Argon-ion, Krypton, or,C@hen excited atoms return to a lower energy state, a
photon is produced. The emission of photons happens spontaneously at random moments and directions. A
physical process called “stimulated emission” induces the return of excited atoms to a lower energy state,
thereby producing a photon when a photon passes the exited atom. The photons created by stimulated
emission are traveling in the same direction with the same wavelength, polarization, and phase as the photons
stimulating the emission. All these factors together are what produce the so-called “coherence” and low
angular dispersion associated with laser radiation. Low dispersion results from the optical cavity redirecting
the light back through the laser medium along the optical axis. Spontaneous light emission will happen in all
directions, as it is the process for light generation in a classical light source, such as a lamp or LED.
Spontaneous light emission in a laser is not enhanced in directions away from the optical axis defined by the
cavity mirrors, whereas the photons along the optical axis are redirected back and forth through the medium to
stimulate more atoms to photon emission. This action produces the laser beam with its coherent light and low
dispersion. The low angular dispersion of the beam allows for very narrow beams and very highly defined and
localized regions of beam focus. The narrow light beams can be used for systems operating over long
distances. Both the coherence and beam characteristics are very useful for optical velocimetry. Phase relations
between photons generated in the stimulated emission process result in coherent light in which interference
effects are much more pronounced than in light from classical light sources. Important factors of the light
source include: wavelength, coherence, focusing ability, power, and pulse capability. (for further reading see
Silfvast 19963 Loudon 1983)

3.2.1 Continuous wave and pulse light sources

Continuous-wave (CW) light sources are the most straightforward and the obvious choice for many laser
anemometer systems. This light source was available and was the first to be used in earlier systems; it is still
commonly used in many applications today.

Pulsed light sources are often selected when power efficiency is a major consideration, or when the range
must be determined using range gating techniques. Both of these issues become paramount with long-range
systems, although pulsed (Q-switched) lasers may be used simply because that is the mode of operation for
the available laser. The power relationships related to pulsed systems are discussed in the following section
(3.2.2). With practical lens sizes for airborne applications, (~10 cm. diameter) at ranges beyond
approximately 150 m, focusing is not effective as a range-discriminating technique. Therefore, range gating
must be used to discriminate atmospheric velocity at long range. Narrow time windows of the scattered signal
are sequentially processed to provide a range-discriminated velocity measurement along the axis of the laser
beam. It should be noted that when measurements from a specific range are to be emphasized, focusing the
beam optics at that same range will provide improved SNR.

3.2.2 Power effects

When long-range (1s to 10s of kilometers) operation is required, the signal-to-noise ratio (SNR) of the
backscattered signal determines the effective range of the device. All other factors being equal, the SNR of the
backscattered signal is proportional to the strength (power) of the received signal. To increase the efficiency
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of operation, pulsing the laser is often used to increase the instantaneous transmitted power and thereby also
the peak received power. The signal is acquired and processed during the short pulse duration when the SNR
is higher than it would be if the energy were radiated on a continuous basis. Low-duty cycle pulses can
improve the effectiveness of the radiated power; however, ever shorter and shorter pulses limit the velocity
resolution attainable with a single pulse.

As the distance of operation increases, most systems revert to collimated beams, and the received power
varies as the inverse square of the distance to the scattering source. Thus, to double the range of a systemr
under the same atmospheric conditions with the same SNR, on average it requires four times the transmitted
power.

When increased power levels (or high-pulse energy levels) are used, the risk of eye damage is increased.
Eye safety is regulated in national standards (Ref. ANSI Z136.1 é(ﬁlﬂhe pulsed laser power limits are
higher than CW power limits, which may be another reason for choosing a pulsed system.

3.3 Measurement Volume Discrimination

All optical velocimeters are required to obtain flow velocity from a known and well-defined region of the
flow field, called the measurement volume. Several techniques are used to delineate the measurement volume
depending on spatial resolution and range requirements.

3.3.1 Masking

For very short ranges (up to approximately 20 meters), masking is a technique sometimes used to define
the measurement volume. This technique projects the light into a region of the surrounding atmosphere (the
“illuminated” volume). The field-of-view volume from which the receiver accepts inputs is a separate volume
from the illuminated volume, but the two volumes have a common region where the volumes intersect (the
intersection region). It is from this intersecting region that the scattered received signal reaches the detector,
as shown in figure 3-2. Masking is a measurement volume discriminator technique used in bistatic
reference-beam anemometer systems.

Intersection
region

|-

Receiver field
of view

Projected beam

"llluminated volume"
020134

Figure 3-2: Masking used to define measurement volume.
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For short range applications (less than 150 meters) focusing is another technique used to define the
measurement volume. By concentrating the optical energy in a small focal region, the vast majority of
detected light is scattered from the aerosols within the measurement volume and propagates from this region
back to the detector. Although not commonly applied, the optics used to concentrate scattered light on the
detector can put an additional limit on the size of the measurement volume. Light is also scattered from
aerosols located in regions of low energy density outside the focal region. When this light reaches the detector
it adds small amounts of noise to the signal.

BASIC PRINCIPLES

3.3.2 Focusing

For focused systems, the measurement volume is delineated by the focal region of the light source,
combined with phase effects of scattered light and reference-beam light for coherent systems (Vaughan and
Forrester 1989§.The focal region is defined as the volume bounded by the surface where optical energy
density has decreased to2¢é the maximum intensity level encountered at the center of the volume. For a
laser beam in the fundamental transverse mode the intensity profiles can be approximated as a Gaussian
distribution. The focal region is an ellipsoid with the long axis coaxial with the axis of the focusing lens. The
beam waist diametergvfor a light beam focused at distance r, with a lens or telescope with diameter D, is
under ideal conditions:

Equation 3-1 W, = 4Ar/mD

and the measurement volume lendth is (Vaughan and Forrester 1939t 50 percent of maximum
intensity:

Equation 3-2 AL = 8Ar’/miD?

Optical principles dictate that for a fixed lens diameter, the focal region increases as the distance to the
focal point increases (Kogelnik -1986Silfvast - 1996° Vaughan and Forrester 1939 Note that ideal
conditions are never encountered in practice. The focal region is larger when the laser is not in the
fundamental transverse mode, when the Gaussian beam diameter does not match with the telescope diameter
and when the energy beam radiated is from a distributed light source (rather than from a point) or departs from
a collimated condition. A larger lens diameter can be used to decrease the size of the focal region at a given
range; however, flight applications usually limit the size of lens that is practical to use. In the case of very
small focal volumes and low aerosol densities, the situation may arise where only one aerosol is illuminated.
At first, this may appear to be an unfavorable situation, but when only one aerosol is illuminated, as opposed
to an ensemble of aerosols, the SNR is improved, as no coherent cancellation is possible since no other
scatterers are in the focal volume. Furthermore, the concentrated “burst” signal for single particles, instead of
the more evenly distributed signal for multiple aerosols, allows other signal processing schemes to be used to
achieve higher SNR (Harris - 2061)|’his single aerosol concept is practical only at short range because of
the rapid signal strength fall-off with distance (as the inverse fourth-power of the distance from the radiating
source). This single aerosol condition is closely related to that which exists in the dual-beam laser Doppler
anemometer.

3.3.3 Range gating

As ranges increase beyond 150 meters where focusing is increasingly ineffective, range gating must be
used to discriminate the measurement volume. A range-gated system transmits a short-duration light pulse
(physical pulse length nominally from 3 to 500 meters) that scatters light back to the detector from aerosols as
it moves through the flow field of interest. The detector is time-gated to capture the backscattered signal
emanating only from a specific measurement region along the beam. This measurement region is defined as
that cylindrical volume of space illuminated by the transmitted pulse during the time the detector gate is open.
The cylindrical measurement volume diameter is the diameter of the collimated beam and the volume length
is the sum of the transmitted pulse length plus the distance the pulse travels during the time that the detector
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window is open. For example, a 300-nanosecond pulse (90 meters long) traveling 150 meters during the
500-nanosecond detector gate window defines a measurement volume 240 meters long. Because the light
pulse is present during the gate window for a longer time in the middle of the measurement volume, the
velocity of the middle aerosols is weighted more heavily than those on the ends of the measurement volume.
Figure 3.3a illustrates the situation described above, where the gate length is longer than the pulse length. The
graph below the pulse illustration shows the measurement weighting as a function of the pulse length. The
length of the region in the center of the measurement volume (with constant 100 percent weighting) is defined
by the excess of the gate length over the pulse length. A region with a high measurement weighting factor
contributes more heavily to the Doppler velocity spectral average obtained during the gate time. This means
that flow motion in the more heavily weighted regions of the measurement volume is emphasized in the
spectral average. Figure 3-3b shows the condition where the gate length is shorter than the pulse length, and
the graph illustrates the weighting for this configuration. The weighting distribution shown is the same as that
for the prior situation where the pulse length is longer than the gate length.

—-——— Gate length ———

Pulse travel
Pulse length > —= during gate
\ \ / ' o Beam axis and -
\} \ ] | | direction of pulse motion
A\
100
percent
0
percent Measurement volume weighting
020156
(a) With pulse-to-gate length ratio more than 1.
—— Pulse length ——
Pulse travel
<—Gate length —>| <— during gate —|
/ ) / \ Beam axis and
{ } \} | ldirection of pulse motion
N2
100
percent
0
percent

Measurement volume weighting
020157

(b) With pulse-to-gate length ratio less than 1.

Figure 3-3: Range-gated measurement volume.
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It is important to recognize the measurement effects of measurement volume for both size and weighting
where range gating is used. For pulse systems using range gating, the measurement volume can be quite large
(especially when long gating times or long pulse durations are used) and the resulting spectral measurement
represents a weighted spatial average. In practical terms this means that for single pulse measurements using
nominal pulse length of 500 nanoseconds (150 meters long), measured atmospheric velocity conditions are a
weighted average over what may be a large measurement volume. Furthermore, the weighting is not uniform
and the velocity in the center of the measurement volume will be more heavily represented in the velocity
average. Weighting of the measurement does not usually cause difficulty; however, using a short pulse
relative to a long detector window length or a long pulse relative to a short detector window length can
minimize any non-uniform weighting effects.
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The volume weighting discussion and analysis presumes a uniform distribution of aerosols in the volume.
Should aerosol density not be uniform within the measurement volume, the aerosol density distribution will
overlay the above volume weighting functions. The always-present vertical atmospheric temperature gradient
may create concentrated horizontal strata of aerosols as a result of condensation. Visible clouds are an obvious
example of this effect and sub-visual cirrus ice-crystal clouds may also result from this process. Atmospheric
temperature inversion may suppress normal vertical mixing activity to preserve horizontal aerosol
stratification over extended periods of time and over large areas. Thus, non-uniform aerosol distributions may
skew volume weights in range-gated measurement volumes. Stratification in vertical aerosol distribution is
more prevalent and thus vertically oriented beam directions are more susceptible to the effects of non-uniform
aerosol distribution

The averaging effects described above do not influence range-gated measurements obtained from an
atmosphere without velocity gradients. For situations where turbulence exists and when the purpose of the
measurement is to identify not only the presence of turbulence, but also the characteristic length(s) of
turbulence structures, the measurement volume is an important factor.

3.4 Light Scattering

All optical flow measurements being applied in flight depend on light scattering, the basic theory of
which is discussed in the following sections. The wavelength of the light has a dramatic effect on how the
light is scattered. Although molecular and aerosol scattering is discussed separately, it should be remembered
that the effects of the separate scattering sources are cumulative and the received signal is the total of the two.
At the current time, most systems operate only through aerosol scattering. Some molecular-scattering-based
systems use aerosol-based signals to enhance performance.

Light traveling through a medium with refractive index gradients is deviated (scattered) from the original
direction in all directions. Both molecules and aerosols cause the light to be scattered, with molecules having
only a small effect (per molecule) and aerosols having a relatively much larger effect (per aerosol). Partly
compensating this imbalance between the relative scattering effects of molecules and aerosols is the fact that
there is always a large supply of molecules in the atmosphere, but there may not always a be large supply of
appropriate scattering aerosols. Atmospheric aerosol distribution is discussed in section 3.4.4 below.

3.4.1 Molecular scattering

Air molecules scatter light from an original direction in all directions. At visible wavelengths, the amount
of light being scattered is low. Therefore the visibility in clear air is high. The scattering is much higher at UV
wavelengths where electrons in molecules may be excited. At even shorter wavelengths in the X-ray bands,
the energy is almost completely scattered (and absorbed) by atmospheric molecules. For this reason, X-ray
astronomy must be conducted from satellites operating outside the atmosphere. Molecular scattering is even
lower at the infrared wavelengths than in the visible range; however, the visibility in the atmosphere tends to
be lower as a result of absorption of bands of energy from gaseous atmospheric constituents. This absorption
is primarily from excitation of vibrations of water and carbon dioxide molecules. Taken together, these factors
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cause the low levels of molecular scattering at infrared wavelengths with the resulting low SNR to be
insufficient for effective flow measurements.

Scattered light from molecules includes the thermal molecular motion from a broad spectrum of
Doppler-shifted photons in the detected signal. The air molecules are moving fast as a result of thermal
motion. Air molecules have an average velocity of 459 m/s (about Mach 1.35) at 15 °C. This effect is
superposed on the gas motion measurements relative to th

e anemometer and makes extracting the flow motion measurement that uses conventional techniques a
formidable challenge to the measurement engineer.

3.4.1.1 Characteristics of molecular scattered light

Since molecular scattering cross-sections are much smaller than aerosol scattering cross-sections at the
wavelengths commonly used in anemometers, Rayleigh scattering theory is used to predict molecular
light-scattering behavior. Rayleigh scattered light extends in all directions. The scattered light intensity | from
a light beam with intensitylin a direction that has an an@evith the initial propagation direction is

Equation 3-3 | = (1 +cos’0)|K 4|d|2I0/2r2

Wherek is the wave number of the light, the polarizability, r the distance from the scattering where the
intensity is measured. The Rayleigh scattering is dependent on the polarization of light and the detection angle.
In this formula, polarization effects are neglected (“unpolarized light”). For more details refer to van de Hulst
198%. This type of scattering has been termed “billiard ball” scattering because it behaves as if light photons
are elastically bounced or deflected as they encounter individual molecules. No phase shift is created by the
elastic collision. In the relatively dense atmospheric concentration of molecules, the variability of scattered
light presents a smooth angular characteristic.

Molecules also scatter light inelastically. This means that the frequency of the photon is changed because
of vibration excitation in the molecule or excitation of electrons during the scattering process (Raman
scattering, fluorescence, etc.). In principle, airflow parameters can be derived from these processes. For
example, the temperature and pressure of air can be derived from laser-induced fluorescence (LIF), (Mendoza
1998). Proof-of-concept testing using oxygen fluorescence from flash-lamp excitation was conducted on an
F-16 aircraft to measure temperature and density (Azzazy9990

As noted above, the thermal motion of molecules causes a major broadening of the scattered signal
frequency. While this increases the difficulty of extracting a Doppler frequency from the bulk flow-field
motion, it does offer the opportunity of obtaining the ambient temperature of the air causing the scattered
signal. The width of the broadening is a direct measure of the mean velocity, which is directly related to the
internal energy and the ambient air temperature. The mean molecular velocity, and therefore the broadening
of the scattered signal frequency is directly proportional to the square root of the absolute temperature (see
figure 3-4). Measuring temperature in this manner avoids many of the difficulties associated with
conventional ambient air temperature measurement. This concept offers the possibility of remotely measuring
the ambient air temperature at a distance from the flight vehicle in the flow surrounding the flight vehicle.
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Figure 3-4: UV atmospheric scattering with both molecular and aerosol scattering.

34.1.2 Molecular density variation in the atmosphere

Unlike the highly variable atmospheric aerosol distribution, molecular density is well defined and highly
predictable. The gaseous constituents of the atmosphere are uniformly distributed at all altitudes and the
density of the atmosphere varies as an approximate logarithm of altitude. The density reaches half that of sea
level at about 6000 meters and drops to 1/10 of the sea level value at about 17000 meters. The molecular
scattering intensity is proportional to the density and a system based on molecular scattering must
accommodate the scattering variation up to and including the design-operating altitude. This variation in the
molecular scattering magnitude as the altitude changes offers the possibility of remotely obtaining the
ambient air density at some distance from the flight vehicle. Combining the density with the temperature, as
noted in the previous section through the universal gas law, provides the ambient pressure. Calibrations of the
measured scattering intensity and spectral width are required to assure accurate ambient measurements of
density and temperature respectively, however, these operations can be performed in a laboratory setting. A
measurement obtained this way avoids the necessity for aircraft-specific calibrations and corrections that must
be applied to measurements obtained with conventional sensors.

3.4.2 Aerosol scattering

Light scattering from aerosols is the basis of most flight optical anemometers. Lasers are used to
illuminate the aerosols from a well-defined direction and wavelength. The amount of scattered light depends
on the diameter, the shape, and the refractive index of the aerosol and the wavelength of light. Light scattering
on aerosols is often categorized as a function of the quotient of the diameter of the aerosol and the wavelength
of light. The characteristics of the light scattering are described below. A recommended textbook on this
complicated matter is van de Hulst, 1881
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34.21 Scattering from aerosols much smaller than the wavelength

For aerosols much smaller than the wavelength of the light, the approximations of Rayleigh scattering
applies (similar to molecular scattering). The intensity of light being scattered is proportionaltfhotbwm
of the ratio of the aerosol diameter over the wavelength. Equation 3-3 describes the scattering for these small
aerosols also. The light is scattered in all directions with a smooth distribution. No phase shifts are introduced
at the scattering of the light.

3.4.2.2 Scattering from particles with sizes on the order of the wavelength

The scattering of light is shape and refractive-index dependent for aerosols with sizes on the order of the
wavelength of light. The exact relations for the scattering of light can be derived from Maxwell's equations
for electromagnetic fields; however, this is impractical as the calculations are very complicated and time
consuming and the shape and refractive indices are usually unknown. For spherical aerosols, Mie-calculated
relations are computationally easier to use. In many investigations and design specifications the scattering
aerosols are assumed to be spherical, which makes the Mie relations applicable. The assumption of spherical
shape is realistic for liquids, which comprise a majority of the high-altitude aerosol population. Even for
spherical aerosols the light scattering is not a simple expression where the scattered intensity, as a function of
the scattering angle, shows large lobes. The phase of scattered light also depends strongly on the scattering
angle and is related to the lobes. Examples of the intensity of scattered light as a function of aerosol radius and
the angle are given in figure 3-5a and 3-5b (Mie 1§08 he multiple lines in the intensity graph (fig. 3-5a)
show the effect of different aerosol indices of refraction.
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(a) Characteristics for 0.81um wavelength.

Figure 3-5: Mie scattering.
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Figure 3-5: Concluded.

In figure 3-5b the upper line is for light scattering on a spherical droplet with a diamet@mnofEhe
middle trace and lower trace are fop® and 1um respectively. All traces assume a refractive index of 1.33
representing water droplets in air.

3.4.2.3 Scattering from aerosols with sizes larger than the wavelength

For large aerosols optical effects such as refraction, reflection, diffraction and interference play important
roles. Geometrical optics and interference, even if light is not monochromatic (think of the rainbow),
determine the distribution of light over the different scattering angles. The properties of the aerosols, such as
shape, refractive index, and refractive index gradients must be considered for exact calculations of light
scattering. No straightforward general calculation method for scattering is available for this case. Mostly the
scattering from aerosols with these sizes is not very relevant for optical flow measurement because there are
very few aerosols with these sizes in the atmosphere. Moreover, as these aerosols are often too large to follow
the flow adequately in situations with highly accelerated flow, most anemometers should not aim to measure
the flow using these aerosols. Clouds and rain may even hamper optical airflow measurements as the optical
access between the anemometer and the measurement volume is degraded.
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